PPAR␣, a member of the nuclear receptor superfamily, and thioredoxin, a critical redox-regulator in cells, were found to form a negative feedback loop, which autoregulates transcriptional activity of PPAR␣. Thioredoxin was identified as a target gene of PPAR␣. Activation of PPAR␣ leads to increase of thioredoxin expression as well as its translocation from cytoplasm to nucleus, whereas ectopic overexpression of thioredoxin in the nucleus dramatically inhibited both constitutive and ligand-dependent PPAR␣ activation. As PPAR␣-target genes, the expression of muscle carnitine palmitoyltransferase I, medium chain acyl CoA dehydrogenase, and apolipoprotein A-I were significantly down-regulated by nucleus-targeted thioredoxin at transcriptional or protein level. The suppression of PPAR␣ transcriptional activity by Trx could be enhanced by overexpression of thioredoxin reductase or knockdown of thioredoxin-interacting protein, but abrogated by mutating the redox-active sites of thioredoxin. Mammalian one-hybrid assays showed that thioredoxin inhibited PPAR␣ activity by modulating its AF-1 transactivation domain. It was also demonstrated by electrophoretic mobility-shift assay that thioredoxin inhibited the binding of PPAR␣ to the PPAR-response element. Together, it is speculated that the reported negative-feedback loop may be essential for maintaining the homeostasis of PPAR␣ activity.
INTRODUCTION
As the first identified genetic sensor for fats, PPAR␣ is a ligandactivated transcription factor belonging to the nuclear receptor superfamily. The target genes of PPAR␣ are relatively homogenous group of genes that participate in various aspects of lipid catabolism such as fatty acid uptake through membranes, fatty acid binding in cells, fatty acid oxidation in microsomes, peroxisomes and mitochondria, and lipoprotein assembly and transportation (Lemberger et al., 1996) . The significance of PPAR␣ in physiology and disease is evidenced by the fact that it and PPAR␥, another subtype of PPARs, are molecular targets for the lipid-lowering fibrate drugs and insulin-sensitizing thiazolidinedione (TZD), respectively (Evans et al., 2004) . Besides activation of PPAR␣ by fatty acid and various exogenous ligands such as fibrates, the regulation of the PPAR␣ transcription activity by coactivators (Dowell et al., 1997) , corepressors (Dowell et al., 1999) , other transcription factors (TFs; Zhou et al., 1999) , and posttranslational modifications including phosphorylation (Juge-Aubry et al., 1999) and ubiquination (Blanquart et al., 2002) have been extensively studied. However, redox regulation of PPAR␣ activity has not been reported so far.
Multicellular organisms have evolved complex homeostatic mechanisms to sense and respond to a diverse range of exogenous and endogenous signals. It may be reasonable to expect some mechanisms that rapidly sense and tightly control the activity of PPAR␣ according to metabolic needs under normal physiological condition. Degradation of PPAR␣ by the ubiquitin-proteasome system and decrease of the ubiquitination by the ligands of PPAR␣ may represent one of such mechanisms (Blanquart et al., 2002) . Because feedback regulation, by which a transcription factor is negatively regulated by its target gene product, has been found for several nuclear receptors such as thyroid hormone receptor and retinoid receptor (Thompson and Bottcher, 1997; Kerley et al., 2001 ), a question may be raised as if any PPAR␣-target gene product can also negatively regulate PPAR␣ activity.
Thioredoxin (Trx), as one of the major components of the thiol-reducing system, is small, ubiquitous, and multifunctional protein that plays a variety of redox-related roles in organisms ranging from Escherichia coli to human (Holmgren, 1985) . Trx contains a conserved redox-active site Cys-Gly-ProCys that are essential for its redox regulatory function (Powis and Montfort, 2001) . A bulk of evidences has shown that Trx regulates the transcriptional activities of quite a number of transcription factors. It has been reported that Trx enhances NF-B transcriptional activities by enhancing its ability to bind DNA and mediates the interplay between cellular redox signaling and glucocorticoid receptor (GR) signaling via a direct association with its conserved DNA-binding domain (DBD; Makino et al., 1999) . It was also reported that the function of estrogen receptor (ER), another nuclear receptor, HepG2, HeLa, A549 (all obtained from ATCC, Rockville, MD), and EA.hy.926 cells (provided by C.J.S. Edgell, University of North Carolina, Chapel Hill, NC) were cultured in DMEM containing 10% fetal calf serum (FCS). The differentiated HepG2 cells were obtained by maintaining in culture without passage for 20 d as previously described (Stier et al., 1998) . For transfection, cells were plated on 12-or 6-well plates at a density of 60 -70% confluence and transfected in the same medium using Fugene 6 (Roche, Indianapolis, IN) for HepG2 and EA.hy 926 or jetPEI (Polyplus, Illkirch, France) for HeLa and A549. In each transfection, except for the quantity of reporter and other expression vectors specified in figure legends, 100 ng of the internal control plasmid CMV-␤-galactosidase was always added and not specified again in the legends. Total DNA quantity was kept constant with pcDNA3 or relevant empty vectors. Twelve hours after transfection, the cells were washed and cultured in fresh medium containing WY14643 or vehicle for 24 h and then harvested. Both luciferase and ␤-galactosidase activities were measured with a homemade luminometer and a Bio-Rad plate Reader (Richmond, CA), respectively. The luciferase activity normalized against the ␤-galactosidase activity represents the transcription efficiency of the reporter gene. All transfections throughout the investigation were performed in triplicate, and each assay was repeated three times.
Mammalian One-Hybrid Analysis
Cells were cotransfected with pG5-Luc reporter vector (Promega) containing five GAL4 binding sites upstream of a minimal TATA box-linked luciferase gene [(UAS) 5 -TATA-Luc], GAL4-fusion protein expression vector, and Trx expression vectors in the presence or absence of WY14643 stimulation. The cells without cotransfected Trx were used as control. The ␤-galactosidasenormalized luciferase activities were assayed 36 h after transfection.
Thioredoxin-interacting Protein Gene Silencing by RNA Interference
A published sequence, ACAGACTTCGGAGTACCTG, for silencing thioredoxininteracting protein (Txnip; Schulze et al., 2004) was cloned into pSilencer4.1-CMV neo RNA interference (RNAi) vector (Ambion, Austin, TX). The Txnip-silenced cells were obtained by transfection of Txnip siRNA vector and selection with 400 g/ml G418 for 4 wk. The cells stably transfected with a scramble vector were also cloned and used as control.
Reverse Transcription-PCR
Total RNA was isolated from A549 cells with Trizol reagent (Invitrogen-BRL, Carlsbad, CA) and reverse-transcribed to cDNA using RNase-free Superscript reverse transcriptase (Invitrogen). PCR was performed using the following primers: 5Ј-TGGTGGATGTCAATACCCCT-3Ј/5Ј-ATTGGCAAGGTAAGTG-TGGC-3Ј for human Txnip, and 5Ј-GAAGCATTTGCGGTGGACCA-3Ј/5Ј-TCC-TGTGGCATCCACCAAAC-3Ј for ␤-actin. The PCR products were analyzed on a 1% agarose gel with ethidium bromide.
Western Blotting
To extract total proteins, cells were washed twice, collected, and lysed in lysis buffer (50 mM Tris, pH 7.4, 250 mM NaCl, 0.1% SDS, 2 mM DTT, 0.5% NP-40, 1 mM phenylmethylsulfonyl fluoride, and protease inhibitor cocktail) on ice for 30 min. Protein fraction was collected by centrifugation at 16,000 ϫ g at 4°C for 20 min. The nuclear proteins were isolated by NE-PER Nuclear and Cytoplasmic Extraction Reagents (Pierce, Rockford, IL) according to the manufacturer's instruction. Equal amount of the protein fraction were mixed with sample buffer, separated on 10 or 15% SDS-polyacrylamide gel, and transferred to nitrocellulose membranes. Then, mouse anti-human Trx monoclonal antibody (BD PharMingen, San Diego, CA), rabbit polyclonal PPAR␣ antibody (Santa Cruz Biotechnology, Santa Cruz, CA), rabbit polyclonal actin antibody (Santa Cruz), rabbit polyclonal anti-GAL4BD antibody (Clontech), and rabbit polyclonal anti-GFP antibody (Clontech) were used as primary antibodies to detect Trx, PPAR␣, actin, Gal4(BD)-AF1 fusion protein, and YFP-Trx fusion protein, respectively. The HRP-conjugated secondary antibody and enhanced chemiluminescence kit (Pierce) were used to visualize the separated proteins. Equal loading of proteins was monitored by the actin level.
Assay of Trx Activity in Cells
Trx activity was determined by insulin reduction-based assay as previously described (Zheng et al., 2005) .
Fluorescence and Immunofluorescence Imaging of Cells
The cells transfected with GFP-PPAR␣ were fixed with 3.7% paraformaldehyde in phosphate-buffered saline (PBS) for 30 min, permeabilized by 0.2% Triton X-100 in PBS for 10 min, and then blocked with PBS containing 5% BSA and 10% FCS for 30 min. The cells were subsequently incubated with Trx antibody overnight at 4°C and flooded by Texas Red-labeled secondary antibody (Molecular Probes, Eugene, OR) for 60 min. The cell nuclei were stained with Hoechst 33342. The fluorescence images of Hoechst 33342-stained nuclei and GFP-fused PPAR␣ as well as the immunofluorescence image of Trx in the same cells were observed on an Olympus IX-71 inverted microscope (Tokyo, Japan) equipped with AquaCosmos Microscopic Image Acquisition and Analysis System (Hamamatsu Photonics K.K., Bridgewater, NJ) at the excitation of 360, 488, and 590 nm, respectively.
In Vitro Translation of PPAR␣ and RXR␣
The full-length PPAR␣ and RXR␣ protein were obtained by in vitro transcription-coupled translation using the TNT Quick Coupled Transcription/Translation Systems (Promega) according to the manufacturer's instructions.
Electrophoretic Mobility-Shift Assay
Sense and antisense oligonucleotides for electrophoretic mobility-shift assay (EMSA) were synthesized, labeled with or without biotin at their 5Ј end, and then annealed with each other to produce double-stranded oligonucleotide probes. The following sense strand sequences were used: 5Ј-CTTATGTTACG-GAGCTCACTGTTCATTACTACTGTCT-3Ј for Trx-PPRE, 5Ј-CTTAGAACT-AGAAGGTCACTGGTCAAGCAGCCATTTG-3Ј for HACOX-PPRE. EMSA assays were performed with in vitro-translated proteins or the nuclear extracts. The in vitro-translated proteins (3 l) or nuclear extracts (3 g) were added in EMSA-binding buffer (10 mM Tris, 50 mM KCl, 5 mM MgCl 2 , 1 mM EDTA, 1 mM DTT, 10% glycerol, and 1 g of poly(dI/dC), pH 7.5) in a final volume of 20 l and kept on ice for 20 min. In some cases, recombinant human Trx and/or rat TrxR/NADPH were also added in the binding system. Approximately 50 fmol of the biotin-labeled probe was then added and the incubation was continued on ice for a further 30 min. In competition exper-iments, molar excess of the unlabeled competitive oligonucleotides were added in the reaction mixture before addition of the biotin-labeled probe. Supershift assay was performed by adding anti-PPAR␣ antibody in the reaction mixture during the last 15-min incubation. Protein-DNA complexes were separated by 5% nondenaturing PAGE and transferred onto nylon membrane. The DNA was then cross-linked to the membrane by UV illumination. The biotin-labeled DNA bands were visualized using LightShift Chemiluminescent EMSA Kit (Pierce).
Determination of apoA-I Secretion
Cells were cultured in serum-free DMEM medium for 12 h and then stimulated with 50 ⌴ WY14643 or vehicle for 24 h. The medium was collected, and 20 l of the medium was subjected to Western blot. The secreted protein was detected using rabbit polyclonal apoA-I antibody (Calbiochem, La Jolla, CA) and visualized as described in the section Western Blotting.
Decoy PPRE Approach
Cells were transfected with a double-stranded phosphorothioate oligonucleotide containing a human ACOX PPRE sequence. The sense sequence of the oligonucleotide is 5Ј-AACTAGAAGGTCACTGGTCAAGC-3Ј, in which the underlined part is the HACOX PPRE. The oligonucleotide with a mutated PPRE site, 5Ј-AACTAGAAGAACAAAGAACAAGC-3Ј, was used as control. The apoA-I secretion from the transfected cells was determined after WY14643-stimulation for 24 h.
RESULTS

Human Trx Is a PPAR␣-Target Gene
To know if activation of PPAR␣ could affect the expression of Trx in cells, the Trx content in human hepatoma HepG2 cells stimulated by the selective PPAR␣ agonist, WY14643, was assessed. It was found that the agonist did not cause any notable change of Trx under normal culture condition (unpublished data), possibly because of a rather low PPAR␣ level in this type of cells (Palmer et al., 1998; Hsu et al., 2001) . To evaluate the potential correlation between the protein level of PPAR␣ and Trx expression, a PPAR␣ expression vector, pCMX-mPPAR␣, was transiently transfected into HepG2 cells in order to increase PPAR␣. As Figure 1A shows, the PPAR␣ level was obviously elevated and the cellular Trx level was correspondingly up-regulated in the transfected cells. In addition, it was found that WY14643 induced a rise of Trx expression in the differentiated HepG2 cells that express high level of PPAR␣ (Stier et al., 1998) . The protein level of Trx at various time within 48 h after WY14643-stimulation showed that the rise reached a plateau 24 h after stimulation ( Figure 1B ). In contrast, treatment of the cells with vehicle (0.1% dimethyl sulfoxide [DMSO]) alone did not induce any change of Trx expression (unpublished data).
To examine if Trx expression is regulated by PPAR␣ at transcriptional level, a luciferase reporter vector, Trx (2400)-Luc, containing the 5Ј flanking sequence from Ϫ2446 to Ϫ47 relative to the translation start site of human Trx gene and a PPAR␣ expression vector were cotransfected into HepG2 cells, and transactivation of the Trx promoter was measured in the presence or absence of WY14643. As Figure 1C shows, the ligand did not induce any notable increase of the Trx promoter activity without transfected PPAR␣. However, cotransfection of PPAR␣ resulted in 8-and 15-fold increases of the promoter activity in unstimulated and the WY14643-stimulated cells, respectively, in consistence with the above immunoblotting analysis of endogenous Trx level in HepG2 cells (Figure 1, A and B) . Because all the natural PPREs described so far indeed consist of a direct repeat of two more or less conserved AGGTCA hexamers separated by a single base pair and are thus referred to as DR1 elements (Tugwood et al., 1992) . PPAR, thyroid hormone receptor (TR), vitamin D receptor (VDR), and all-transretinoic acid receptor (RAR) form a subgroup within the superfamily that heterodimerize with the 9-cis-retinoic acid receptor (RXR) and bind to response elements composed of two AGGTCA half-sites predominantly organized in a direct repeat. Thus, RXR␣ was cotransfected with PPAR␣ to examine if PPAR␣-mediated activation of the reporter would be further enhanced. It turned out that an obviously enhanced activation was observed ( Figure 1C ).
To identify if a putative PPRE exists in Trx promoter, a series of luciferase reporter plasmids containing various truncated form of the Trx promoter ranging from Ϫ2259, Ϫ2134, Ϫ1947, and Ϫ890 to Ϫ47 were cotransfected with PPAR␣ vector, respectively. The luciferase activities were assayed in the presence or absence of WY14643. It was found that transactivation of the truncated Trx promoters in response to PPAR␣ activation was nearly completely abolished when the region between Ϫ2259 and Ϫ2134 was missing ( Figure 1D ). The missing region contains a direct repeat-1-like sequence AGCTCACTGTTCA similar to the consensus PPRE for known PPAR target genes (Juge-Aubry et al., 1997; Figure 1E ).
To confirm if the PPAR␣/RXR␣ heterodimer directly binds to the putative Trx PPRE, a double-stranded Trx PPRE oligonucleotide probe labeled with biotin was incubated with in vitro-translated PPAR␣ and RXR␣. The protein-DNA-binding activity was determined by EMSA. As Figure 1F shows, neither PPAR␣ nor RXR␣ alone, but PPAR␣/RXR␣ heterodimers bound to the Trx PPRE probe (comparing lanes 3 and 4 with lane 2). Addition of 10-and 50-fold molar excess of the unlabeled human ACOX PPRE oligonucleotide (Varanasi et al., 1996) could abolish the binding in a dose-dependent manner, indicating the specificity of this binding (lanes 5 and 6). Furthermore, the binding of endogenous PPAR␣ to Trx PPRE was confirmed by incubation of Trx PPRE probe with the nuclear extracts from the differentiated HepG2 cells. As shown in Fig In addition, the function of the identified Trx PPRE was testified using a luciferase reporter, (Trx-PPRE) 3 -SV40-Luc, containing three copies of this element upstream a minimal SV40 promoter. As Figure 1H shows, cotransfection of PPAR␣ resulted in sevenfold and 18-fold increase of the reporter activity in unstimulated and the WY14643-stimulated HepG2 cells, respectively. In addition, a further increase was achieved by cotransfection of RXR␣, which is in consistent with the finding in Figure 1F .
All above results convincingly indicate that human Trx gene is a PPAR␣-targeted gene, and the identified PPRE in Trx promoter is required for PPAR␣-mediated transcription.
PPAR␣ Induces the Translocation of Trx to Nucleus
In general, the stimuli that promote Trx expression are also capable of promoting its intracellular movement (Bai et al., 2003; Watson et al., 2003) . We herein investigated if activation of PPAR␣ could induce Trx translocation from cytosol to nucleus. To test this hypothesis, HeLa cells were transiently transfected with a functional GFP-tagged PPAR␣ expression vector. Subcellular localization of the transfected GFP-PPAR␣ and endogenous Trx were observed by microscope. As Figure 2 shows, GFP-PPAR␣ only exists in nuclei ( Figure 2B ) consisting with a previous report (Akiyama et al., 2002) . However, the subcellular distribution of endogenous Trx in the transfected cells differs dramatically from that in untransfected cells. In the formers, Trx was located predominantly in nuclei, though less Trx was still seen in cytosol (see the two cells in the lower left corner in Figure 2C ), whereas Trx was predominantly located in cytosol of the wild-type cells (see the two top-right cells in Figure 2C ). The study on Trx distribution in the cells transfected with GFP alone proved that PPAR␣ rather than GFP is responsible for the nuclear translocation of Trx (unpublished data). These fluorescence and immunofluorescence images provide clear evidences for the PPAR␣-induced nuclear translocation of Trx.
Down-regulation of PPAR␣ Transcriptional Activity by Ectopic Overexpression of Trx in the Nucleus
Because Trx regulates many transcription factors (Watson et al., 2003) , can Trx possibly regulate the transcriptional activity of PPAR␣? Trx is a cytosolic protein and shuttles between cytoplasm and nucleus under many circumstances (Bai et al., 2003; Watson et al., 2003) . To study the potential intranuclear effect of Trx on regulation of PPAR␣ transcriptional activity, a possible way is to deliberately in- crease nucleus-localized Trx. Because fluorescent proteins are able to diffuse passively into and out of the nucleus in mammalian cells (Chatterjee and Stochaj, 1998) , it could be used to drive Trx into nucleus by fusion of the two proteins, as reported in a previous investigation (Hwang et al., 2004) . Therefore, an EYFP-tagged Trx expression vector was transfected into HeLa cells, and its expression and redox function were confirmed by both immunoblotting and insulin-reduction assay (Figure 3, A and B) . A marked increase of Trx activity was found in the cells transfected with YFP-Trx compared with that in the cells only transfected with YFP, indicating that the fused YFP did not affect the redox activity of Trx. Interestingly, unlike the predominant cytosolic localization of the endogenous Trx (bottom panel in Figure 3C ), fusion with YFP resulted in a general cytoplasmic distribution with an increased nuclear localization of Trx (top panel, Figure 3C ). Because PPAR␣ was mainly localized in nucleus, the cotransfection of YFP-Trx with PPAR␣ is a good approach to study the effect of nuclear Trx on the transcriptional activity of PPAR␣ ( Figure 3D ). For this reason, HeLa cells were cotransfected with a luciferase reporter driven by three copies of an ACOX PPRE linked to a TK minimal promoter, (PPRE) 3 -TK-Luc, a PPAR␣ expression vector, and increasing amount of YFP-Trx expression vector. Meanwhile, VP16-PPAR␣, a fusion protein expression vector linking a strong transactivation domain VP16 to the upstream of PPAR␣, was used as a positive control. As Figure 4A shows, the cotransfected PPAR␣ led to 7-and 18-fold increase of the reporter activity in the absence and presence of WY14643, respectively. However, both constitutive and ligand-stimulated PPAR␣ activities were significantly inhibited by cotransfection of YFP-Trx in a dose-dependent manner. A negative correlation was found between the nuclear level of YFP-Trx and the extent of inhibition of PPAR␣ activity (see the Western blot analysis of YFP-Trx in the nuclear extracts of transfected HeLa cells shown on the bottom in Figure 4A ). In addition, Western blot analysis ( Figure 4B ) showed no effect of the transfected YFP-Trx on expression of both endogenous (indicated as the hPPAR␣ bands) and exogenous PPAR␣ (indicated as mPPAR␣ bands) in the cells, suggesting that the decrease of PPAR␣ activity by the transfected Trx is not due to suppression of PPAR␣ content. To investigate if overexpressed YFP-Trx inhibits transactivation of the promoters in PPAR␣-target genes, two well-identified PPAR␣-target genes involved in cellular fatty acid oxidation, muscle carnitine palmitoyltransferase I (MCPT1; Vega et al., 2000) and medium chain acyl CoA dehydrogenase (MCAD; Gulick et al., 1994) , were examined. The reporter containing either the human MCPT1 gene promoter (MCPT1-Luc.781) or MCAD gene promoter (MCAD-Luc.376) was cotransfected with PPAR␣ and YFP-Trx in HepG2 cells. Similar to the results obtained with (PPRE) 3 -TK-Luc, YFP-Trx significantly inhibited the MCPT1 or MCAD promoter-driven luciferase activity in the presence or absence of the PPAR␣ ligand ( Figure 4C ). All above experiments with PPRE-driven heterologous promoter reporter, (PPRE) 3 -TK-Luc, or homologous promoter reporters (MCPT1-Luc.781 and MCAD-Luc.376) demonstrate well that the transfected YFP-Trx might inhibit transcription of the PPAR␣-target genes.
To verify if Trx can also inhibit the protein level of PPAR␣-target genes, the expression of apolipoprotein A-I (apoA-I), a PPAR␣-target gene that expresses the major structural component of the high-density lipoprotein (HDL) particle, was determined in HepG2 cells transfected with or without YFP-Trx. As shown in Figure 4D , secretion of apoA-I protein from HepG2 cells obviously increased under WY14643 stimulation, which is consistent with a previous report (Morishima et al., 2003) . However, this increase was totally blocked by overexpression of YFP-Trx in the cells. As a positive control, the presence of the transfected PPRE decoy oligonucleotides also dramatically attenuated the WY14643-stimulated apoA-I expression in a manner similar to YFP-Trx. The result confirms that Trx suppresses apoA-I secretion through inhibiting PPAR␣ activity.
To further confirm that nuclear Trx is responsible for downregulation of the PPAR␣ activity, a procytoplasmic and a pronuclear Trx expression vectors, pcDNA3-Trx and GAL4-Trx, were used to discriminate the roles of Trx in cytoplasm and in nucleus . Because yeast GAL4 DBD (amino acids 1-147) has a strong nuclear localization signal amino acid sequence , the GAL4(DBD)-tagged Trx preferably enters nucleus. With reporter (PPRE) 3 -TK-Luc, it was observed that the activity of PPAR␣ was inhibited by cotransfection of either pcDNA3-Trx or pCMX-GAL4-Trx, but the latter had a much greater inhibitory effect ( Figure 5A ). The results suggest that Trx down-regulates PPAR␣ activity in nucleus.
To exclude possible cell type specificity of the observed nucleus-localization-dependent inhibitory effect of Trx on PPAR␣ activity, this effect was also examined in human HepG2 hepatoma cells, EA.hy.926 endothelial cells, and A549 lung epithelial cells. As shown in Figure 5B , overexpression of GAL4-linked Trx dramatically suppressed the PPAR␣ activity in all examined cell lines. In contrast, cotransfection with the "nude Trx" (pcDNA3-Trx) resulted in less inhibition of the PPAR␣ activity in these types of cells. The results suggest that the observed repression of PPAR␣ activity by nucleus-localized Trx could be a common cellular phenomenon.
In all above experiments, the cells cotransfected with PPAR␣ and Trx, which is either nude or tagged by YFP or GAL4, were used to investigate the inhibitory effect of overexpressed Trx on the overall activity of both endogenous and exogenous PPAR␣ in the cells (see Figure 4 , A and C, as well as Figure 5, A and B) . To answer the question whether the endogenous PPAR␣ would be also inhibited by the overexpressed Trx, the basal activity of PPAR␣ was determined in HeLa, HepG2, and EA.hy.926 cells transfected with pcDNA-Trx or GAL4-Trx using (PPRE) 3 -TK-Luc as a reporter. It was reported that all of these cell types have endogenous PPAR␣ (Rival et al., 2002) . As shown in Figure   5C , the procytoplasmic Trx slightly, whereas the pronuclear Trx significantly inhibited the basal PPAR␣ activity. The results suggest that the endogenous PPAR␣ behaves the (PPRE) 3 -TK-Luc reporter construct, 300 ng PPAR␣ vector, and 600 ng pcDNA3-Trx or pCMX-GAL4-Trx expression vector for 12 h and subsequently treated as A. (C) Cells were cotransfected with 1 g (PPRE) 3 -TK-Luc reporter construct and 600 ng pcDNA3-Trx or pCMX-GAL4-Trx expression vector for 36 h and then the basal PPAR␣ activity was measured. All data on the luciferase activities were normalized against activity of ␤-galactosidase, which is transfected as internal control, and are shown as mean Ϯ SE of three independent measurements. same as the exogenous one, and the observed inhibitory effect of Trx on overexpressed PPAR␣ may reflect the real situation in the cells under normal physiological condition.
All above results clearly indicate that PPAR␣ is the target for Trx-exerted inhibitory effect, whenever it is under basal condition, overexpressed or stimulated by its ligand.
Trx Inhibits PPAR␣ Transcriptional Activity in a Redox-dependent Manner
Because most cellular functions of Trx depend on its reductive activity, it was examined whether the inhibition of PPAR␣ by Trx depends on the redox activity of Trx. The A549 cells transiently cotransfected with the luciferase reporter [(PPRE) 3 -TKLuc], PPAR␣ vector, and pcDNA3-based Trx or its mutant were used as model system because A549 cells are more sensitive to "nude Trx" than other cell types (see Figure 5B ) and lack endogenous PPAR␣ (Pawliczak et al., 2002) . As expected, cotransfection of the wild-type Trx markedly inhibited both constitutive and ligand-stimulated PPAR␣ activity, whereas the redox-inactive mutant Trx(C32/35S), in which the Cys32 and Cys35 was mutated to serine, completely lost its inhibitory effect. However, the mutant Trx(C62/69/73S), in which three noncatalytic cysteines (Cys62, Cys69, and Cys73) were mutated to serines, still largely possessed its inhibitory activity ( Figure  6A ). These mutation experiments suggest that Cys32 and Cys35 are necessary for the effectiveness of Trx in inhibiting PPAR␣ activity.
Because inhibition of PPAR␣ requires redox-active Trx, it is reasonable to expect that TrxR), the primary enzyme catalyzing the NADPH-dependent reduction of Trx, should play a role in the Trx-caused inhibition of PPAR␣. Therefore, a human TrxR expression vector was introduced in the assay system. As shown in Figure 6B , cotransfection of TrxR and Trx showed dramatically synergistic inhibitory effect on PPAR␣ activity, though each of them alone exerted marked inhibition. However, TrxR lost its synergistic action when the mutant Trx (32S/35S) replaced the wild-type Trx. To further confirm the role of TrxR, its selective inhibitor, goldthioglucose (Sakurai et al., 2004) , was used to inhibit the activity of the endogenous TrxR. It was found that the resulted PPAR␣ activity increased as goldthioglucose concentration increased ( Figure 6C ).
Furthermore, it was also investigated if Txnip, the negative modulator of Trx (Junn et al., 2000) , affects the Trx-regulated PPAR␣ activity. Txnip siRNA was used to knockdown the endogenous Txnip. Two Txnip gene-silenced cell lines, T1 and T2, were cloned by stably transfecting the Txnip-siRNA vector in A549 cells. Reverse transcription (RT)-PCR analysis confirmed that the mRNA level of Txnip was substantially suppressed in the T1 and T2 cells in comparison with that in the cells transfected with a scrambled siRNA (referred as T0 cells; Figure 6D ). It was found that PPAR␣-mediated transcription of the (PPRE) 3 -TK-Luc reporter was significantly suppressed in the Txnip-silenced cells. The suppression was further enhanced by cotransfection of Trx in the cells ( Figure 6E ). This study further demonstrates the role played by Trx in down-regulating PPAR␣ activity.
AF-1 Is the Target Domain for Trx in the Inhibition of PPAR␣ Transcriptional Activity
The inhibition of PPAR␣ activity by Trx may imply a possible interaction between Trx and PPAR␣ in the nucleus. Unfortunately, both a mammalian two-hybrid system using two fusion constructs linking the GAL4 DBD to Trx and the VP16 transactivation domain to PPAR␣, respectively, and a fluorescence resonance energy transfer (FRET) system containing CFP-fused PPAR␣ and YFP-fused Trx demonstrated that there is no direct interaction between Trx and PPAR␣ (unpublished data). PPAR␣ contains an NH 2 -terminal ligand-independent transactivation domain (AF-1), a central DBD and a COOHterminal ligand-binding domain (LBD/AF-2) that displays a ligand-dependent transactivation activity. To identify which domain in PPAR␣ is the target for Trx, the effect of Trx on transactivation function of AF-1 and AF-2 were investigated, respectively, by mammalian one-hybrid assay. A fusion construct linking GAL4(DBD) to either the N-terminal 92 amino acids of PPAR␣ (GAL4-AF1) or the C-terminal 296 amino acids of PPAR␣ (GAL4-LBD) was cotransfected with the (UAS) 5 -TATA-Luc reporter plasmid in A549 cells to establish two independent one-hybrid assay systems. The effect of Trx on AF-1 or LBD/AF2 transactivation function was evaluated by detecting the luciferase activities in the presence and absence of the cotransfected Trx. As shown in Figure 7A , stimulation with WY14643 markedly activated the GAL4-LBD chimera (4-fold increase), confirming the ligand-dependent nature of this domain in the transactivation function of PPAR␣. The overexpressed Trx had no effect on its function. In sharp contrast, the GAL4-AF1 chimera was constitutively activated without stimulation by the PPAR␣ ligand (more than 30-fold increase over the basal activity of the reporter), whereas the cotransfected Trx(wt), but not its redox-inactive mutant, significantly inhibited the transactivation by the chimera (Figure 7B) . However, the loss of GAL4-AF-1 activity was not due to any decrease in GAL4-AF-1 expression (Western blot in Figure  7B ). Thus, the difference in affecting these two chimeric transcription factors suggests that AF-1 is the domain receiving Trx-modulation.
To know if AF-1 is the only domain on PPAR␣ modulated by Trx, two PPAR␣ mutant vectors were constructed: one expresses an AF-1-deleted PPAR␣ (⌬AF1) and the other expresses a modified PPAR␣ with its AF-1 region replaced by the VP16 transactivation domain (VP16-⌬AF1). The transcriptional activities of the wild-type PPAR␣ and its two mutants were then assayed with (PPRE) 3 -TK-Luc reporters in A549 cells in the presence or absence of cotransfected pcDNA3-Trx. As Figure 7C shows, overexpressed Trx only significantly inhibited the constitutive transcriptional activity of full-length PPAR␣, neither ⌬AF1 nor VP16-⌬AF1 was influenced by the Trx. Because the both modified PPAR␣ lack the AF-1 region, it could be concluded that AF-1 is the only domain modulated by Trx in PPAR␣.
Effects of Trx on PPAR␣-DNA-binding Activity
Binding to PPRE is a necessary step for PPAR␣ to activate transcription of its target genes. To investigate whether the increased nuclear Trx affected PPAR␣-DNA-binding activity, EMSA were performed using the nuclear extracts (NE) from HepG2 cells and a biotin-labeled double-stranded oligonucleotide probe corresponding to ACOX PPRE. As Figure 8 shows, a prominent retarded complex was formed when NE was incubated with the probe (lane 1). The retarded complex further supershifted when anti-PPAR␣ antibody was added (lanes 2) in NE and was completely eliminated by excessive unlabeled PPRE probe (lane 3), indicating a specific binding of the PPAR␣ from NE to the PPRE probe. Incubation of NE with increasing concentrations of recombinant human Trx resulted in dose-dependent decrease of the PPAR␣-PPRE binding in the presence of TrxR and NADPH (lanes 6 -9). It was noticed that removal of TrxR and NADPH markedly reduced the effect of Trx (lane 10), indicating that the reduced Trx is responsible for the inhibition of the PPAR␣-DNA binding.
DISCUSSION
Redox regulation is critical for the functions of a number of TFs. Up to now, more than 60 redox-regulated TFs have been identified. Most of them have critical thiol moieties and can be regulated, at least in part, by Trx (Watson et al., 2003) . Among them, Trx was found to up-regulate the activities of two members of the nuclear receptor superfamily, glucocorticoid receptor and estrogen receptor, seemingly only under oxidative conditions (Hayashi et al., 1997; Hirota et al., 1999) . As regards PPARs, there have been quite a number of reports on their connection with redox. The majority of them are focused on the roles of PPARs in regulating generation of reactive oxygen species (ROS). For example, different agonists of PPAR␣, but not PPAR␥, increase the production of ROS (H 2 O 2 and O 2 Ϫ ) in macrophages due to the induction of NADPH oxidase (Teissier et al., 2004) ; PPAR␥ ligand pioglitazone modulates fibroblast growth and collagen type-I synthesis in cardiac fibroblasts exposed to anoxiareoxygenation through inhibition of ROS generation and induction of NF-B (Chen et al., 2004) ; PPAR␣ modulates catalase and superoxide dismutase (SOD) expression, and hence down-regulates the inflammatory response via scavenging ROS (Yoo et al., 1999; Girnun et al., 2002) . Few of them showed the modulation of PPARs by ROS or nitric oxide (NO). It was reported that ROS generation and NF-B activation down-regulating PPAR␣, resulting in intracellular lipid accumulation in skeletal muscle cells (Cabrero et al., 2002) , and that NO switches monocyte/macrophage function from a proto an anti-inflammatory phenotype by activating PPAR␥ (Von Knethen and Bruene, 2002) . However, no report on the regulation of PPAR activity by thioredoxin has been found. The present study revealed a novel function of thioredoxin in regulating the transcriptional activity of PPAR␣ under normal physiological condition. We demonstrated that the increased nucleus-localized Trx by transfecting YFP-fused Trx or GAL4(DBD)-fused Trx markedly suppressed the transcriptional activity of PPAR␣. This inhibitory effect of nuclear Trx seems not specific for a particular cell line.
Similar effect was actually seen in a variety of cell types, such as human hepatoma cells, endothelial cells, and cervical and lung epithelial cells. Besides the finding that Trx inhibits the transcriptional activity of PPAR␣, this study also identified Trx as the product of a PPAR␣-target gene. It was discovered that either overexpression of PPAR␣ or activation of PPAR␣ by its ligand up-regulated Trx expression. A functional PPRE (AGCTCACTGTTCA) was identified in the promoter region of human Trx gene. This PPRE sequence was confirmed by its abilities in binding to the PPAR␣/RXR␣ heterodimers and mediating PPAR␣-activated transcription. An even more interesting finding is that overexpression of PPAR␣ induced a translocation of Trx from cytoplasm to nucleus. Together with the finding that increase of nucleus-localized Trx leads to a strong inhibition of PPAR␣ transcriptional activity, the events: increase of PPAR␣ activity, up-regulation of Trx expression, translocation of Trx into nucleus, and inhibition of PPAR␣ activity, constitute a feedback loop shown as in Figure 9 . The loop forms a negative feedback mechanism to maintain the homeostasis of the PPAR␣ activity as well as cellular level of Trx. This "self-regulation" of PPAR␣ activity through such a loop may therefore be defined as Trx-mediated negative autoregulation of PPAR␣ activity. Thioredoxin, a PPAR␣-target gene product, negatively regulates the transcription activity of PPAR␣ is the key feature of this negative autoregulation. So far, only positive regulation of PPAR␣ activity by its target gene products, such as a mitochondrial protein (Meertens et al., 1998) and a peroxisomal protein (Juge-Aubry et al., 2001) , has been reported. In this investigation, the human Trx gene was identified as the first target gene of PPAR␣ that negatively regulates PPAR␣ activity. Many efforts were devoted to understand how the redoxactivity and subcellular localization of Trx influences the inhibitory effect of Trx on PPAR␣ transcriptional activity. Inability of the overexpressed redox-inactive Trx in suppressing PPAR␣ activity ( Figure 6 , A and B) suggests a critical role for the redox-active site (Cys32 and Cys35) of Trx. This conclusion was further supported by increased suppression of the binding activity of PPAR␣ to PPRE in vitro in the presence of TrxR, the primary enzyme catalyzing Trx reduction (Figure 8) , and an increased inhibition of PPAR␣ transcriptional activity in the cells having Txnip, the endogenous redox inhibitor of Trx (Junn et al., 2000) , knocked down by Txnip siRNA. Because TrxR and Txnip have been reported to be involved in promoting and blocking nuclear localization of Trx, respectively (Karimpour et al., 2002; Schulze et al., 2002) , the observed enhanced inhibition PPAR␣ activity by TrxR and Txnip siRNA may be also due to an alteration of subcellular distribution of Trx. In this study, YFP-fused Trx was found to inhibit PPAR␣ activity more effectively than the native Trx because the YFPTrx tends to be localized in the nucleus as compared with the latter. The reason for the altered localization of YFP-Trx may be attributed to the ability of fluorescent protein in diffusing passively into and out of the nucleus in mammalian cells (Chatterjee and Stochaj, 1998) .
Concerning the regulation mechanism, we observed that Trx inhibited PPAR␣ activity mainly by modulating the constitutive transactivation function of its AF-1 domain. In fact, the AF-1 transactivation domain of PPAR␣ has already been demonstrated to be an effective target in transregulation of PPAR␣ activity. It was reported that the signal transducer and activator of transcription (STAT5b) inhibited the transcription driven by the AF-1 transactivation domain of PPAR␣ in a GAL4-linked chimera (Zhou and Waxman, 1999) , and the peroxisomal bifunctional enzyme (BFE) bound and activated the AF-1 region of the PPAR␣ (Juge-Aubry et al., 2001 ). The present study reveals that the AF-1 domain is essential for the inhibition of PPAR␣ activity by Trx, because the transactivation ability of AF-1 is significantly inhibited by Trx whenever it is tethered to exogenous GAL4 DBD ( Figure 7B ) or included in the whole PPAR␣ molecule ( Figure 7C ).
Despite the direct interaction between PPAR␣ and Trx was not detected, it may still be expected that the modulation of AF-1 transactivity by Trx could be due to a transient thiolredox modification of AF-1 domain or some unidentified AF-1-associated proteins such as steroid receptor coactivator 1 (SRC1; unpublished data). Nevertheless, it is also possible that modulation of AF-1 may alter other PPAR␣ characters such as DNA-binding activity. In fact, the present study demonstrated well that the reduced form of recombinant human Trx inhibits the binding of the PPAR␣ from HepG2 cell nuclear extract to the PPRE probe in vitro. The concentrations, at which Trx exerts inhibitory effect on the PPAR␣-DNA-binding activity in EMSA assay, are in the range of 4 -12 M, and are comparable to the physiological cellular concentration of Trx (2-12 M) found in mammalian cells (Powis and Montfort, 2001) . The slightly higher concentration used in the experiment is based on the following consideration: the nucleus is much smaller than the whole cell, and the concentration of Trx in nucleus could be largely increased when Trx is translocated from cytoplasm to nucleus in response to activation of PPAR␣ or oxidative stress.
The present finding that Trx-mediated negative autoregulation of PPAR␣ activity may have potential physiological, pathological, and pharmacological significances. To show cellular physiological evidence for the Trx-mediated negative regulation of PPAR␣ activity, the secretion of apolipoprotein A-I, which is the major structural component of the HDL particle in human circulation system and regulated by PPAR␣, were determined from the HepG2 cells overexpressing YFP-Trx. The results clearly demonstrate that forced overexpression of Trx in the nucleus does suppress the expression of the PPAR␣-target gene at cellular level (see Figure 4D) . Together with the strong inhibition of transcription from MCPT1 and MCAD promoter by nucleus-targeted Trx, our finding might reveal some physiologically detrimental aspects of thioredoxin. For example, on account of oxidative stresscaused increased expression and nucleus localization of Trx (Watson et al., 2003) , our reported inhibitory role of nuclear Trx may mediate oxidative stress-induced metabolic dysfunction. In addition, the negative feedback mechanism probably renders body resistance to lipid-lowing drugs. Although the cytosolic Trx has been usually considered as an important antioxidant enzyme in cellular defense system and to be beneficial for human health, the detrimental effects of nuclear Trx should not be ignored. As a matter of fact, it has been reported that nuclear Trx are helpful for TNF-␣-induced activation of NF-B, a proinflammatory and procarcinogenic transcription factor Karin and Greten, 2005) . In addition, the drug-resistance of cancer due to higher expression of thioredoxin (Sasada et al., 1996) and previously reported hyperlipidemic phenotype of the Txnip-deficient mice (Bodnar et al., 2002) are probably the two other examples of such detrimental effect of Trx system. In summary, this study suggests that besides its antioxidant function in maintenance of cellular redox homeostasis, Trx may act as a regulator for timely quenching excessive PPAR␣ signaling and controlling the expression levels of PPAR␣-regulated metabolic enzymes according to metabolic need. However, Trx-mediated negative autoregulation of PPAR␣ probably causes a functional down-regulation of normal PPAR␣ activities such as lipid and inflammatory regulation (Delerive et al., 1999) . Thus, we may conclude that the autoregulation of PPAR␣ activity by Trx may be a novel mechanism for controlling PPAR␣ activities and PPAR␣-related physiological or pathological processes.
